Abstract. The soluble sugar content of mature carrot roots (Daucus carota L. CV. TiTo, Nantes type) grown in broomrape-infested or noninfested soil was measured. Orobanche aegyptiaca Pers. (Egyptian broomrape) and O. crenata Forssk. (crenate broomrape) decreased the total sugar content similarly. Sucrose was the primary sugar in noninfected roots and its level was greatly reduced in infected roots. Concentrations of sucrose were higher in the cortex than in the core; broomrape infection reduced sucrose concentration in both portions of the root. Even broomrape-infected roots with a healthy appearance (acceptable size and color) had a greatly reduced sucrose content. These results show that broomrape infection can reduce carrot root quality even when the visual appearance of the root is not affected.
Carrot quality is determined in part by its sugar content (Simon et al., 1980) . Phan and Hsu (1973) have reported that the sugar content in developing carrot roots is due primarily to the accumulation of sucrose, whereas reducing sugar concentrations do not change significantly throughout development. However, some carrot genotypes accumulate reducing sugars, rather than sucrose (Freeman and Simon, 1983) .
Broomrape is a root holoparasitic flowering plant without chlorophyll that attacks the roots of various crops such as tomato, legumes, and sunflower (Joel, 1987; Musselman, 1980 ) and causes considerable damage to agricultural crops throughout the world (Musselman, 1986; Parker, 1986) . It causes major losses in carrot yields and quality (Jacobsohn et al., 1980) . In heavily infested fields, many of the roots are small and misshapen, with poor color. However, many other roots appear normal with respect to size and color, although parasitized by Orobanche plants. Whitney (1972) and Aber et al. (1983) reported that sucrose is the primary sugar withdrawn from faba bean plants by parasitizing Orobanche crenata. Sucrose is subsequently hydrolyzed to glucose and fructose by the parasite (Whitney, 1972) , which in turn accumulates large amounts of starch (Singh et al., 1968) . The purpose of our study ) mixed in dry sand into 10-cm-deep furrows. Three furrows were dug in each bed and the crops were seeded or planted on top of those furrows. Rate of carrot seeding was 100 seeds/ m providing ≈70 emerged seedlings/m. At harvest, there were ≈50 to 55 roots/m. Each plot was planted with several crops, including carrot, as part of a study to determine the sensitivity of crops to different broomrape species.
Carrots cv. Ti-To, a Nantes type, were seeded on 28 Oct. 1988, in 1.6-m-wide raised beds. Rows were sidedressed with 190 kg N and 100 kg P/ha. By Spring 1989, carrots were heavily parasitized in the plots inoculated with O. crenata Forsk (> 100 O. crenata spikes/m) and in those inoculated with O. aegptiaca Pers. (> 20 spikes/m). At the same time, carrots were not infested in the O. cumana and O. cernua plots. Therefore, carrot from the latter two plots were used as uninfected controls.
Carrot roots were harvested, washed, graded visually, and checked individually for broomrape infection. Cross-sectional samples from the midportion of the root were immediately placed in 80% ethanol (EtOH) and stored at -20C until analysis. In expts. 1 and 2, the cross sections were separated into core and cortex, which were analyzed for sucrose separately.
Soluble sugars were extracted in hot 80% EtOH (3×) and sucrose, glucose, and fructose were assayed by high performance liquid chromatography using a Bio-Rad Fast Carbohydrate Analysis column (Bio-Rad, Richmond, Calif.) with double-distilled H 2 O as solvent, and refractometric detection, according to manufacturer's directions. Starch was measured as previously reported (Schaffer et al., 1987) .
Three experiments were conducted with different harvest dates during April-May 1989:
Expt. 1. Roots were harvested on 19 Apr. 1989 from noninfested plots and from plots infested with either O. aegyptiaca or O. crenata. Roots that showed attachment of broomrape were separated from uninfected roots. Six of the infected roots were randomly sampled. In selecting the infected roots, no attempt was made to select only healthy looking roots. All root samples were separated into core and cortex. Expt. 2. Roots were harvested on 2 May from noninfested and O. crenata-infested plots. Infected roots, but of normal appearance with respect to size and color, were selected. Six roots were selected from each treatment, and samples were separated into core and cortex.
Expt. 3. Three bulk samples each (25 to 30 roots) of randomly harvested roots (4 May) from control and from O. crenata-infested plots were brought to the laboratory. Roots of normal appearance, as above, were selected without visual selection for broomrape infection. From the roots of each of the six bulk samples, I-cm-thick cross sections, as above, were taken. From each of these six subsamples of cross sections, two samples consisting of mixed cross sections from several roots were taken. Samples were not separated into core and cortex.
O. aegyptiaca and O. crenata caused a large reduction in the total soluble sugar content in the core and cortex of carrot roots (Fig. 1 ). There were no significant differences between the effect of the two Orobanche species studied with respect to root sugar content. Sugar content was higher in the cortex than in the core, as has been reported previously (Phan and Hsu, 1973) . Starch content in both the cortex and core was low (< 1 mg·g -1 fw), as the carrot root is not a starch accumulator.
In the second experiment (Fig. 2) , we compared the sugar content of noninfected roots with that of the infected but healthyappearing roots. These latter were large, wellshaped, and highly pigmented, externally indistinguishable from the noninfected carrots. The primary sugars in both infected and noninfected carrots were sucrose, glucose, and fructose, with sucrose being the predominant sugar. Sucrose content was most significantly decreased by broomrape infection in core and cortex. Infected, healthy-looking carrot roots had ≈30% of the sucrose content of the noninfected roots in the core and cortex.
In the third study (Fig. 3) , we similarly compared the average sugar content of healthy-looking carrot roots from noninfected and infected plots. However, in this experiment no selection was made for infected roots from the infected plots. Since infected, healthy-looking roots have a greatly decreased sucrose content, we expected that bulk samples of healthy-looking carrot roots from infected plots would contain a mixture of infected and noninfected roots. Sucrose content was significantly lower in the bulk sample of carrot roots from the infested plot (Fig. 3) but not as greatly reduced as in the previous experiment, indicating that the sample presumably contained infected and noninfected roots. Accordingly, the sugar content of bulk samples should reflect the degree of infection in the field.
Orobanche crenata has been reported to withdraw sucrose from parasitized bean plants (Aber et al., 1983; Whitney, 1972) . The carrot cultivar studied by us ('Ti-To') is a sucrose accumulator. It may, therefore, be suggested that Orobanche similarly removes sucrose from the carrot root. We do not know at which stage in the translocation-ur-deading-storage pathway the parasite removes the sucrose. Whitney (1972) and Aber et al. (1983) suggested that diverted sucrose was hydrolyzed in the Orobanche tubers where the hydrolysis products, glucose and fructose, are used for growth and metabolism, as well as starch synthesis and storage. Singh et al. (1968) reported high concentrations of starch in Orobanche tubers, and the Orobanche tubers we studied contained > 50% starch on a dry-weight basis (data not presented).
Our study also indicates that large amounts of sugar may be diverted or removed from storage in the carrot root without affecting easily observable signs of root quality, such as size and color. Therefore, root quality of carrots, in terms of sugar content, from fields heavily infested with broomrape can be expected to be poor, even when the plants have healthy-looking roots.
